The role of substrate mechanics in guiding mesenchymal stem cell (MSC) fate has been the focus of much research over the last decade. More recently, the complex interplay between substrate mechanics and other material properties such as ligand chemistry and substrate degradability to regulate MSC differentiation has begun to be elucidated. Additionally, there are several changes in the presentation of these material properties as the dimensionality is altered from two-to three-dimensional substrates, which may fundamentally alter our understanding of substrate-induced mechanotransduction processes. In this review, an overview of recent findings that highlight the material properties that are important in guiding MSC fate decisions is presented, with a focus on underlining gaps in our existing knowledge and proposing potential directions for future research.
Introduction
Mesenchymal stem cells (MSCs) isolated from bone marrow have great potential as a cell source for regenerative medicine due to both their relative ease of isolation and their ability to undergo differentiation towards multiple lineages [1] [2] [3] . Initially, the use of biochemical factors to induce controlled differentiation was seen as a key aspect of their effective clinical translation [4] . However, over the last decade there has been much research carried out on the role of the material properties of the substrates that MSCs are seeded onto, or embedded within, in guiding differentiation. While substrate mechanics has long been known to have an impact on cellular activity [5] , a seminal manuscript by Engler et al. first provided evidence that MSC differentiation could be directed by substrate mechanics [6] . This discovery brought about renewed interest in the field of cellular mechanotransduction, with much of the research focused on characterizing the cellular signaling mechanisms involved in sensing and responding to twodimensional substrate stiffness. In this review, we do not cover the various different cellular processes thought to be involved in mechanotransduction, but point the interested reader to several excellent reviews on this topic [5, [7] [8] [9] . Instead, here we focus on the material parameters that are known to impact cellular mechanotransduction and present these as design choices that must be carefully considered when developing a biomaterialsbased study. To illustrate the importance of these material parameters, in Section 2 we introduce the molecular clutch hypothesis, as it provides an excellent framework within which to explore the role of biomaterials design choices.
The majority of existing research has focused on the role of substrate stiffness in guiding cell fate. Conversely, the relative importance of other material properties and how they may interact with stiffness cues has seen less focus, leaving some gaps in our knowledge and presenting opportunities for further discoveries. It has become increasingly apparent that elastic modulus alone is not the sole material property governing the mechanotransduction response of MSCs and that there is significant interplay between mechanics and properties such as ligand chemistry and substrate degradation [10] [11] [12] [13] [14] . Additionally, the majority of existing research has been carried out using two dimensional (2D) substrates. Mechanotransduction is likely to be inherently different in the three dimensional (3D) environments employed in most therapeutic strategies using MSCs [15] . In the few studies that have investigated MSC response to 3D materials, there have been notable differences in comparison to behavior on 2D surfaces [11, 12, 16] . As a result, there is a need for investigation of MSC response to material properties in 3D substrates, particularly in macro-porous environments, which are considerably more com- plex from a topographical and mechanical viewpoint [17] . Furthermore, due to the complexity of separating material variables in such experiments, novel materials science approaches are required to enable single variable studies to reveal their relative importance and potential non-additive outcomes.
In this review, we summarize recent findings that highlight the importance of materials in guiding MSC fate decisions, underline gaps in our existing knowledge, and propose potential directions for future research. First, we describe the development of myosin-mediated traction, which is the basic mechanism underlying cellular mechanosensation of substrate mechanics. Following this, we highlight several specific material properties that recent studies have revealed to be important in directing MSC differentiation. To conclude the review, we discuss new materials strategies and experimental techniques that have the potential to lead to an increased understanding of these phenomena towards the ultimate goal of engineering effective regenerative medicine therapies.
Cellular mechanotransduction of material stiffness
In order to appreciate the importance of material properties in directing MSC fate, it is first necessary to understand the basic principals by which cells sense and respond to their local mechanical environment, a process which is termed mechanotransduction (Fig. 1) . In this context, the dominant mechanism proposed in the field is that cells sense the stiffness or rigidity of the surrounding substrate through integrin-ligand attachments [8] . At the interface between cells and the substrate, ligands presented on the surface of the substrate are recognized and engaged by integrin receptors located at the cell membrane, which in turn enables the binding of these integrins to the actin cytoskeleton within the cell. This results in a tensile force at the cell-substrate interface, as the actin that forms the cytoskeleton is constantly flowing towards the center of the cell due to the action of myosin motors in a process termed retrograde flow [18, 19] . The tension developed at this interface is proportional to the resistance provided by the substrate, and if the tension generated is high enough, the adhesion can mature into what is known as a focal adhesion complex. Both the development of tension and the maturation of focal adhesion complexes are believed to trigger the signaling processes that alter cellular activity including spreading, migration and differentiation [8, 18] .
Importantly, several models have been developed to capture the complexity of the interactions at this interface and to provide a better understanding of the material properties that are key to defining the tensile forces developed by cells [20] . The most prominent of these models is based on the hypothesis that the integrinligand interface acts as a molecular 'clutch' [21] [22] [23] . In this model, myosin motors pull an actin filament rearward towards the 'center' of a cell with a force F Myosin and at a velocity V Filament (Fig. 1) . Integrin-ligand clutches reversibly and stochastically engage and disengage at rates k on and k off , respectively, and generate resistance to the rearward flow of actin. This causes stretching of the integrin-ligand clutches and their eventual failure at a force dependent rate k off ⁄ . The forces developed by this process are balanced by deformation of the substrate, resulting in a substrate strain X Sub . Therefore, resistance to loading and resulting tension developed at the adhesion is defined by both the stiffness of the bound clutches K Clutch and the substrate stiffness K Sub [22] . In this framework, the stiffness of the clutches is defined by the number, stiffness and binding rates of integrin-ligand bonds, which in turn is determined by the density and identity of the ligands present on the material surface and the cell type. This results in a complex relationship between cellular tension and substrate stiffness, with several different modes of behavior [22, 24] . However, from a materials perspective, the important variables defining cellular mechanotransduction can be identified as material stiffness, ligand density and ligand identity. It is also worth noting that additional factors such as dimensionality can have profound effects on the presentation of these properties to the cells, as will be further discussed in Section 3.4.
Material properties and MSC differentiation
In this section, we highlight recent studies that have advanced our understanding of the relationship between material properties, cellular mechanotransduction and MSC differentiation. Initially, we discuss intrinsic material properties, before moving on to discussing the changes brought about by transitioning dimensionality from 2D to 3D.
Substrate stiffness
Engler and co-authors were the first to demonstrate that MSC fate could be guided by substrate mechanics [6] . They seeded MSCs onto collagen-coated polyacrylamide substrates with different levels of stiffness and assayed for markers of differentiation (morphology, gene transcription and protein expression). The results revealed that MSCs show markers for neurogenic lineages on low stiffness substrates (0.1-1 kPa), myogenic lineages at intermediate stiffness (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) and osteogenic lineages at the highest stiffness . This flow is resisted by the formation of bonds, termed molecular clutches, between actin filaments and the substrate. The formation of these bonds is initiated by the stochastic binding and unbinding, at rates k on and k off respectively, of integrin receptors present at the cell membrane to ligands presented on the substrate surface. This enables the substrate bound integrins to bind with actin filaments resulting in a connection between the substrate and actin filaments. Subsequent rearward motion of actin leads to the deformation of both the clutches and the substrate, with the tension developed in the filament proportional to the stiffness of both the clutches (K Clutch ) and the substrate (K Sub ). (B) As several molecular clutches can bind to a single actin filament, the mechanical resistance sensed by a cell is defined by the number of potential clutches, the clutch stiffness (K Clutch ) and the clutch binding rates in addition to the substrate stiffness (K Sub ). For a given cell type, the density and identity of the ligands presented by the substrate governs the clutch characteristics and are therefore important material parameters in studies of cell-substrate mechanotransduction. Schematic adapted from Refs. [22, 42] . (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) . Interestingly, after three weeks of stiffness-directed differentiation, the lineage commitment of MSCs was found to be irreversible even upon the addition of soluble factors known to initiate an alternative differentiation pathway. Several studies replicating the basic premise of this manuscript have confirmed the role of substrate stiffness in guiding the differentiation of MSCs [25] [26] [27] [28] [29] . These later experiments have typically focused on differentiation towards adipogenic and/or osteogenic lineages, as the ability of MSCs to fully commit to other differentiated cell types continues to be somewhat contentious [1] .
Yang et al. made a notable contribution to this area of research when they pre-cultured cells on photodegradable hydrogels and tissue-culture plastic (TCP) to demonstrate that the substrate mechanics of an initial substrate could bias MSC fate decisions even after transition to a new substrate [26] . Pre-culture on TCP (3 GPa) for periods longer than 1 day resulted in a bias in MSC differentiation towards osteogenic over adipogenic lineages after a transition to a soft (2 kPa) polyethylene glycol (PEG) hydrogel. A variant of this experiment was also carried out using stiff (10 kPa) hydrogels that could be weakened to 2 kPa by UV degradation of hydrogel crosslinks. Both 1 and 7 days of culture on 10 kPa substrates resulted in an up-regulation of RUNX2 expression (a marker of osteogenic differentiation) that was reversed 5 days post softening of the hydrogels to 2 kPa. However, softening the hydrogels after the MSCs were cultured in stiff conditions for 10 days could no longer reverse the up-regulation of RUNX2 expression. This work has important implications for maintaining the differentiation potential of MSCs during isolation, expansion and eventual therapeutic delivery.
In the studies described above, MSCs are induced to adhere to material substrates either through coating of the polymeric substrate with an extracellular matrix protein such as collagen or through the tethering of integrin-adhesive ligands. It has been suggested that the methods used to modify the stiffness of polyacrylamide substrates for MSC differentiation studies may also alter the substrate mesh size, causing a reduction in the average distance between the collagen tethering points to the underlying substrate [30] . Because cells adhere directly to the collagen and not the underlying substrate, Trappmann et al. proposed that this reduction in tethering distance may result in an increase in collagen fiber stiffness to which MSCs could respond independent from the underlying substrate properties. This hypothesis was based on the observation that substrate stiffness did not influence MSC differentiation upon polydimethylsiloxane (PDMS) substrates. However, a subsequent study by Wen et al. noted that the mechanical characterization of the PDMS carried out previously did not fully account for the strain rate dependence of the modulus [28] . At rates relevant to cell-substrate interactions, all of the PDMS substrates used by Trappmann et al. had stiffness values that would be considered stiff (>30 kPa). Nevertheless, in cases where the tethered adhesive ligand or protein is more compliant than the substrate to which it is anchored, it is possible that the tethering itself is an important factor in mediating MSC differentiation [31] . Such cases exist in orthopedic and dental biomaterials applications where protein coatings are frequently tethered to metallic substrates [32, 33] . Further research on this aspect of cellular mechanotransduction is required to complete our understanding of cellular response to substrate mechanics [31] .
Viscoelasticity
In the previous section, the majority of the work discussed had assumed that the substrates presented to MSCs were purely elastic and strain rate independent. However, many of the natural and synthetic polymers used as substrates for cell culture are viscoelastic materials, meaning they exhibit both elastic and viscous characteristics when loaded [23, 28, 34] . Notably, native biological materials that comprise mammalian tissue are also viscoelastic [35, 36] . Viscoelastic substrates are commonly characterized using rheometry with the shear modulus split into elastic (storage modulus, G 0 ) and viscous (loss modulus, G 00 ) components. An important aspect of viscoelasticity is creep, a time-dependent reduction in stiffness when exposed to a constant applied force. In the context of mechanotransduction, substrate creep would be expected to result in decreasing substrate stiffness over time. Despite the potential impact of viscoelasticity on MSC behavior, few studies have focused on this aspect of substrate mechanics [13, 14] .
Cameron et al. seeded MSCs on collagen-coated polyacrylamide substrates with a constant storage modulus of 4.7 kPa and varying loss moduli over a range of 1-130 Pa [13] . A significant increase in cell-spread area and proliferation was observed upon the substrates with the largest loss modulus. Interestingly, increased cell spreading was not associated with an increased number of mature focal adhesions. Furthermore, when cultured with the corresponding differentiation induction media, MSCs showed increased differentiation towards adipogenic, myogenic and osteogenic lineages upon the increased loss modulus substrates. A follow-up study linked increased loss modulus with an increase in cellular protrusions and Rac1 activation, potentially explaining the increased cell spreading [14] . Rac1 is a small signaling protein that upon activation leads to an increase in actin polymerization, thus resulting in protrusions at the leading edge of cells [37] . The authors propose that this behavior can be explained by the cellular tensegrity model [20] , stating that viscoelastic flow results in a loss of tension in the actin cytoskeleton that is balanced by an increase in the active tension of the cell through spreading. However, these results are also consistent with those of Chaudhuri et al. who observed increased osteosarcoma cell spreading on viscoelastic alginate hydrogels [23] . These authors used computational models based on molecular clutches to propose the hypothesis that increased spreading was due to the clustering of ligands through viscoelastic flow of the substrate. Thus, it is clear that viscoelasticity plays a significant role in MSC response to substrate mechanics and that further work is needed to determine the specific mechanisms. Indeed, as discussed in the previous section, a failure to account for viscoelasticity may explain some discrepancies in the substrate-induced mechanotransduction literature [28, 30] .
Ligand identity and density
Alongside research demonstrating the importance of substrate mechanics there also have been several recent studies indicating a role for ligand identity and density in directing MSC differentiation [10, 29, [38] [39] [40] . Ligands are short amino acid sequences that are present in extracellular matrix (ECM) proteins. These sequences are recognized and form attachments with specific integrins depending on their amino acid composition [41] . Biological substrates such as collagen, laminin and fibronectin intrinsically contain adhesive ligands, whereas synthetic polymers are typically functionalized by chemically linking small peptides that contain the adhesive ligand sequence to the polymer backbone. An advantage of synthetic systems is that the ligand identity and density can be tightly controlled, whereas the properties of native ECM proteins are less well defined. In the context of the mechanotransduction response of cells to a substrate, ligand density and identity will determine the number, stiffness and binding rates of integrinligand bonds [22, 42] .
With this in mind, several studies have investigated the effect of ligand identity on MSC differentiation. Rowlands et al. used polyacrylamide substrates that were coated with different ECM proteins (collagen I, collagen IV, laminin and fibronectin) in order to determine the interplay between stiffness (0.7-80 kPa) and ligand presentation on human MSC differentiation towards myogenic or osteogenic lineages [29] . Significant expression of osteogenic differentiation markers was only observed on the stiffest substrates when coated with collagen I. In contrast, up-regulation of myogenic differentiation markers was observed on fibronectin-coated substrates at 25 kPa and on collagen I-coated substrates at 80 kPa. The use of different ECM proteins in this study emulates an important aspect of the native environment of cells. However, while the authors confirmed that the quantities of tethered protein were consistent across the different ECM proteins used, the ligand densities are not likely to be consistent between the different ECM coatings. This is an inherent feature of comparisons between ECM proteins due to differences in protein molecular weight and number of ligands per protein molecule. Nonetheless, the fact that osteogenic differentiation was only observed on collagen I-coated hydrogels suggests that in some cases specific ligands are required to activate particular differentiation pathways.
Frith et al. used a more controlled experimental approach by functionalizing a polystyrene-block-poly(ethylene oxide)-copolymer substrate with short ligand peptides: RGD, IKVAV, YIGSR and RETTAWA [10] . The stiffness of the substrates was not altered but the laminin-derived IKVAV peptide was observed to support increased osteogenesis, whereas both IKVAV and RETTAWA supported adipogenesis. Additionally, it was noted that a minimum level of RGD was required for the viability of MSCs beyond initial attachment. Furthermore, the expression of specific integrins on the cell membrane was found to transiently increase as cells differentiated towards different lineages, with integrin subunit a5 increasing during osteogenesis and integrin a6 increasing during adipogenesis. The absence of any collagen-mimetic ligand sequences was a limitation of the study, as Mehta et al. observed increased levels of MSC differentiation towards an osteogenic lineage when the cells were seeded onto alginate hydrogels functionalized with the collagen-mimetic ligand DGEA compared to hydrogels functionalized with RGD [40] . Interestingly, this effect was only observed when the cells were encapsulated within a 3D hydrogel and not when they were seeded onto 2D surfaces.
Comparatively, there are few studies on the effect of ligand density on MSC differentiation. However, Luo et al. have demonstrated that adipogenic differentiation is dependent on the both the density and identity of ligands using novel alkanethiolate substrates in a microarray culture system [38] . Huebsch et al. also observed an effect of ligand density on the strain range that induces MSCs to commit to osteogenic lineages, with a decrease in ligand density resulting in reduced osteogenic differentiation at intermediate stiffness values [11] . Additionally, the lateral spacing of RGD has also been demonstrated to effect the differentiation of MSCs; osteogenesis was increased at lower ligand spacing, whereas adipogenesis was increased as the spacing between RGD ligands increased [39] . Finally, the spreading of osteosarcoma cells in response to substrate stiffness also has been demonstrated to be dependent on ligand density, with an increase in density producing a similar response to increasing substrate stiffness [23] . Computational models of cell-substrate interactions predict these observed effects of ligand density on cellular behavior [22, 24] . In essence, an increase in ligand density results in a greater number of bonds between the substrate and the cell, thereby increasing the resistance to actin retrograde flow and thus increasing the substrate rigidity that is sensed by the cell. Moreover, a parameter sensitivity analysis of the clutch model reveals that cellular tension is potentially more sensitive to ligand density than substrate stiffness [24] , suggesting that this key variable could be further exploited in engineered substrates for MSC regenerative therapies.
Dimensionality and degradation
As 3D culture is an essential aspect of many approaches in regenerative medicine, an understanding of the differences that occur as material dimensionality shifts from 2D surfaces to 3D substrates is highly important [15] . Broadly speaking, 3D culture systems can be split into two distinct groups; macro-porous and nonmacro-porous substrates, where a ''macro" sized pore is on the length scale of a single cell or greater ($10 lm). There are important differences between these types of substrates that alter the relationship between material properties and MSC differentiation. In a macro-porous substrate, the pore geometry and architecture can have a significant effect on cellular behavior [17] . In contrast, in non-porous substrates, the relationship between stiffness and the ability of cells to degrade the hydrogel becomes significant [12, 43] . In this section we discuss the differences between the two types of 3D culture systems and their effects on the role of material properties in guiding MSC fate decisions.
In the case of macro-porous substrates, commonly the cellular mechanical environment is characterized by reporting either the modulus of the bulk porous structure or the modulus of the constituent material without pores [16, 44, 45] . However, Harley et al. noted that in macro-porous 3D scaffolds, the rigidity of the pore struts on which the cells are grown may be a more relevant parameter for impacting cellular behavior [17] . Indeed, in macro-porous scaffolds with pore sizes on the order of 100 lm, cells have been observed to bridge pores and generate tension perpendicular to the strut geometry causing buckling [46] [47] [48] . Furthermore, what perhaps has not been fully appreciated is that the macro-porous nature of these scaffolds results in the exposure of cells to a heterogeneous mechanical environment. This is a result of the ability of cells to assume a multitude of different orientations within a porous structure. The local stiffness presented to the cell is then a function both of the exact adhesion location and of the orientation of tensile force with respect to the pore surface. For example, a cell pulling perpendicular to the material surface at the mid-span of a strut will sense less resistance than a cell pulling closer to a strut base (Fig. 2) . As a result of this structural complexity, computational models are required to fully characterize the range of substrate mechanical properties to which cells are exposed within porous materials.
Marklein et al. have performed one of the most extensive studies of the effect of porous substrate stiffness on MSC fate [16] . Porous, methacrylated hyaluronic acid hydrogels (MeHA) were fabricated using a sacrificial poly(methyl methacrylate) (PMMA) microsphere template. The Young's modulus of the porous substrates (1.5-7.4 kPa) was calculated using the modulus of nonporous MeHA hydrogels and the Gibson-Ashby model for open cell foams [49] . Analysis of gene expression after 14 days of culture in growth media revealed that some markers of adipogenic and osteogenic differentiation were up-regulated on the weakest substrates, possibly due to increased cell-cell contact caused by cellmediated contraction of the porous structure. Additionally, myogenic differentiation was significantly down-regulated upon the weakest substrates. Murphy et al. investigated rat MSC differentiation towards either chondrogenic or osteogenic lineages within highly porous, collagen-glycosaminoglycan scaffolds, with the Young's modulus of the porous substrates ranging from 0.5 to 1.5 kPa [44] . Analysis of MSC gene expression revealed significant increases in RUNX2, an early stage marker of osteogenic differentiation, within the stiffest substrates after 7 days in growth media. Additionally, a marker of chondrogenic differentiation, Sox9, was significantly greater within the weakest substrates by day 3. Her et al. investigated the differentiation of MSCs towards neural lineages using similar collagen-based substrates [50] .
In supplemented neurobasal medium, MSCs were found to differentiate towards glial lineages on the stiffest substrates (10 kPa) and neuronal lineages on the least stiff substrates (1 kPa). Wingate et al. investigated MSC differentiation towards endothelial or smooth muscle-like lineages upon electrospun, polyethylene glycol dimethacrylate substrates with Young's moduli ranging from 2 to 15 kPa [51] . Significant levels of endothelial differentiation were observed upon the weakest substrates within 24 h in growth media, whereas markers of smooth muscle-like differentiation were observed in 80% of cells seeded upon substrates with moduli greater than 8 kPa.
Aside from differences in culture conditions, pore structure and material composition, there are additional factors that make comparisons between these studies difficult. It is possible, for example, that the inherent heterogeneity of the macro-porous mechanical stimulus obscures any clear trends in MSC differentiation when observed from pooled gene expression data alone. An additional complication of quantifying differentiation through analysis of gene expression is the risk of missing transient up-or downregulation by not selecting appropriate time points. These challenges in assessing stiffness-directed differentiation in 3D macro-porous substrates may be reduced through the use of complementary histological assays. However, while direct comparisons between studies are difficult, taken together the data clearly demonstrate that the important role of substrate mechanics in guiding stem cell fate is maintained in transitioning from 2D to 3D macro-porous substrates.
Perhaps the greatest changes in moving from 2D to 3D systems are observed within non-macro-porous substrates. 2D culture induces cell polarity, which is typically retained in 3D macroporous substrates where the pores are sufficiently large to represent a curved 2D surface on the scale of a cell. However, when cells are fully encapsulated within non-macro-porous 3D substrates, they are exposed to conformal cell-substrate contact. This can induce the cells to assume a stellate, isotropic morphology and often cell polarization is only realized upon initiation of migration [15] . Additionally, cells must first degrade the surrounding substrate in order to migrate or probe their surroundings [43] . Furthermore, the nature of non-macro-porous substrates can result in considerable gradients of soluble factors throughout the substrate, which are dependent on the substrate mesh size. Finally, a further complication in determining the role of these variables on cellular activity is that the methods used to alter mechanics, such as covalent crosslinking, may also change the degradability and mesh size of the substrate, making it challenging to carry out single variable studies [52, 53] .
Huebsch et al. encapsulated MSCs within non-macro-porous, alginate hydrogels functionalized with RGD ligand motifs and assessed the effect of stiffness on both osteogenic and adipogenic differentiation [11] . Interestingly, osteogenic differentiation was found to occur predominantly within substrates of intermediate stiffness (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , whereas adipogenic differentiation was observed within the weakest substrates (2.5-5 kPa, Fig. 3A) . Contrary to 2D studies, differences in differentiation and substrate mechanics were not correlated with changes in cellular morphology (Fig. 3B) . The authors demonstrated that integrin engagement with the RGD ligands was altered in 3D, revealing that integrin a V was responsible for 2D substrate adhesion, whereas both integrin a V and a 5 were engaged in 3D substrate adhesion. Similarly, changes in integrin engagement with DGEA ligands have been observed as a result of transitioning to 3D culture [40] . Furthermore, the maximum level of integrin binding and clustering correlated with the maximum commitment to osteogenic differentiation at intermediate substrate stiffness (22 kPa) . These differences in integrin-ligand attachments in 2D compared to 3D demonstrate the importance of further 3D substrate studies to promote the development of MSC-based regenerative medicine therapies.
Interestingly, the stiffness of the alginate hydrogels used by Huebsch et al. was controlled through a physical crosslinking process using interactions between alginate and calcium ions. Physical crosslinks are bonds formed though non-covalent mechanisms such as ionic and hydrophobic interactions, which are often weak enough to be broken by the forces generated by cells and can reform or repair after breaking. It has been postulated that the reversible nature of these crosslinks allows the MSCs to remodel the surrounding substrate and that MSC behavior within these hydrogels would likely be very different in comparison to covalently-crosslinked hydrogels [12] . In order to further address these questions, Khetan et al. investigated the role of degradation-mediated traction in directing MSC fate within covalently-crosslinked MeHA hydrogels [12] . They found that within non-macro-porous MeHA hydrogels, MSCs predominantly underwent adipogenesis independent of the value of substrate stiffness (4-91 kPa). However, when cells were seeded on top of the substrates (i.e., 2D) rather than encapsulated within (i.e., 3D), osteogenesis was observed at similar stiffness values to those of Huebsch and coauthors (25 kPa). MSCs were then placed in modified MeHA hydrogels that were matrix metalloproteinase (MMP) degradable, with UV-triggered shielding of the Fig. 2 . Mechanical heterogeneity within 3D macro-porous substrates. (A) Cells can attach across pores generating tensile forces that have been observed to buckle struts within macro-porous substrates [46, 48] . (B) The assumption can be made that each strut within a macro-porous substrate behaves as a simply supported beam of length L and that the tensile force generated by the cell acts as a point load (F) applied at a location X along the beam length. (C) The application of beam mechanics theory provides an approximation of the stiffness coefficient (C, where
, E is Young's modulus of the strut material and I is the second moment of inertia of the strut geometry), demonstrating that the stiffness increases as the point of cellular attachment moves away from the strut mid-point [74] . This is a simplified model of cellular attachment, intended solely to illustrate the heterogeneity within macro-porous substrates. Due to the wide range of possible cellular attachment orientations and pore geometries, computational analysis is required to fully characterize the mechanical environment sensed by cells within such substrates.
MMP degradable sequences (Fig. 3C-G) . In 3D cultures, significant levels of osteogenic differentiation and corresponding changes in cellular morphology were observed within the degradable hydrogels in comparison to non-degradable hydrogels. This work demonstrates that matrix degradation is necessary for cellular mechanotransduction-driven fate decisions when MSCs are encapsulated within covalently-crosslinked, non-macro-porous hydrogels.
Future opportunities and conclusions
Despite the growing body of data demonstrating that material properties have a strong role in guiding MSC fate, there are still no guidelines for the design of therapeutically relevant, 3D materials to direct differentiation towards specific lineages. This is partly explained by the complex interaction between variables such as ligand chemistry, substrate mechanics and dimensionality in Copyright 2010, Nature Publishing Group. (C-E) 3D traction force microscopy (TFM) reveals increased cell spreading and bead displacement within degradable (ÀUV) compared to non-degradable (D0 UV) MeHA hydrogels. Bead displacement is a measure of hydrogel deformation as a result of both cell traction and substrate degradation.
Scale bars: 15 lm. (F and G) Quantification of histological staining for differentiation markers after 14 days of culture in mixed induction media demonstrates that MeHA hydrogel degradability correlated with increased osteogenic differentiation, whereas significant adipogenesis was observed in non-degradable hydrogels. Osteogenic differentiation was assed by staining for alkaline phosphatase (Fii) and osteocalcin (Fiii, Green). Adipogenic differentiation was assed by staining for lipid droplets (Oil Red O, Gii) and fatty acid binding protein (Giii, Red). Scale bars: 25 lm (Fii, Gii) and 20 lm (Fiii, Giii). C-G reproduced with permission [12] . Copyright 2013, Nature Publishing Group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) defining the mechanical environment presented to MSCs and the difficulty in separating these variables. In order to overcome this limitation, new material platforms that enable independent control of substrate properties are needed. Simultaneously, there is also a need for novel experimental techniques that allow nondestructive characterization of material properties and cellular behavior within 3D systems. Natural, protein-based materials are not well suited for detailed mechanistic studies of MSC fate, as the ligand identity and density cannot be varied in a controlled manner. Additionally, the chemistry used to crosslink such hydrogels can often obscure cellbinding ligands [53, 54] . An alternative approach may be recombinant synthesis of engineered proteins, which can be used to produce protein-based substrates with independent control of stiffness and ligand chemistry [52, 55] . Furthermore, these engineered proteins can be modified to include proteolytic target sites that enable control of degradation [56] . Non-protein-based hydrogels, including alginate, hyaluronic acid and PEG are also candidate materials for future MSC fate studies [16, 23, 26] . However, when modifying these materials to include cell-adhesive ligands, care must be taken to ensure potential effects on mechanics are taken into account [31, 57] .
Regardless of the choice of polymer backbone, novel crosslinking and conjugation chemistries that are well controlled and cellcompatible will greatly enhance the study of substrate-induced MSC differentiation. For example, orthogonal crosslinking techniques such as the use of click chemistry present an opportunity to alter the mechanics of hydrogels in a cytocompatible manner without the confounding issue of cross-reactions with cellbinding ligands [54, [58] [59] [60] . Additionally, Kakinoki et al. have recently studied endothelial cell mechanotransduction using substrates consisting of RDG ligands tethered to ring shaped acyclodextrins (a-CDs) which were threaded by a PEG chain [61] .
As the a-CDs are able to slide and rotate on the PEG chain, this allowed the ligands mobility independent of substrate stiffness. The combination of this material with immobile ligands may allow the biochemical and mechanical effects of ligand density/clustering to be separated. We previously highlighted the important insights obtained through the use of materials with degradation rates and mechanics that could be directly modified at specific time points [12, 26, 62] . Recently, methods have been developed that allow ligand density to be controlled in a similar fashion by protecting them with caging groups that are released upon exposure to ultraviolet light [63] . Similarly, Wylie et al. have fabricated 3D agarose hydrogels with coumarin-caged thiol groups [64] . Subsequent uncaging of the thiol groups using two-photon irradiation and reaction with binding peptides allowed the spatial control of peptide conjugation in distinct volumes and gradients. This technique has the potential to allow the fabrication of 3D hydrogels with spatially controlled ligand distribution and thus investigation of the effect of ligand patterning induced cell polarization on differentiation. The application of these materials to studies of substrate-guided MSC differentiation has exciting potential.
In addition to advances in novel biomaterials design, advances in biomaterials characterization are also required to propel the field forward. There are several new experimental techniques that have exciting potential for researchers interested in studying cellular activity and cell-substrate interactions [65] . In particular, techniques that allow non-destructive monitoring within 3D environments are required to facilitate experiments using a wide range of material permutations to be carried out with a reasonable sample size. For example, coherent anti-Stokes Raman scattering (CARS) microscopy allows 3D live imaging of lipid-rich structures within cells [66] . In addition, combination of CARS with second harmonic generation (SHG) or spectral ultrasound imaging (SUSI) may be used to assess markers of differentiation within 3D substrates in a non-destructive manner, as CARS can identify the build up of lipids associated with adipogenesis and SHG or SUSI can be used to quantify collagen deposition and mineralization associated with osteogenic differentiation [67] [68] [69] . To assess the mechanical environment, 3D traction force microscopy (TFM) allows quantification of the tensile forces that cells apply to the surrounding substrate. This technique has been used to provide a direct measure of the tension developed by cells in response to the degradability of their local environment [12] . Similarly, microrheology allows characterization of the local mechanical properties around individual cells encapsulated within 3D substrates and can be used to quantify cell-mediated degradation of the surrounding material [43, 70] . Finally, the combination of advances in microscopy and materials science with high-throughput array-based techniques provides the capability to allow researchers to systematically gather data from a wide range of substrate permutations, potentially leading to a comprehensive understanding of substrate-MSC interactions [71, 72] .
In this review, we have discussed substrate-driven MSC differentiation and it's implications in the design of materials for use in regenerative medicine. Despite the advances in our understanding made by existing research in this area, it's currently unclear how much or if substrate properties matter when cells and materials are placed in vivo. This topic has only recently begun to be explored and is likely to become an emerging new research direction for the field [73] . Consequently, future research focused on expanding our knowledge of substrate-driven differentiation must also be coupled with experiments focused on potential translation of the findings to new therapeutic strategies.
